A dual-broadband and high-efficiency reflective linear polarization converter based on an anisotropic metasurface is presented. The device consists of two symmetrical, double-slotted metallic split-rings and one criss-cross structure, a dielectric layer, and a completely reflective metallic ground. The converter exhibits four resonances and can near-perfectly convert x-or y-polarized incident waves into cross-polarized waves in the frequency ranges of 9.38-13.36 GHz and 14.84-20.36 GHz. The polarization conversion ratios (PCRs) of the two bands are 98.21% and 99.32%, respectively. The energy conversion ratio (ECR) for energy loss measurement is almost 100% in these frequency bands. The polarization conversion principle is studied. The bandwidths and PCRs of the two bands are determined by varying the dielectric layer thickness. The simulation results are consistent with experimental observations. The designed dual-broadband and high-efficiency metasurface has great potential in the application of electromagnetic polarization control.
Introduction
The polarization of an electromagnetic (EM) wave is concerned with the oscillation direction of the electric field in the plane lying perpendicular to the propagation direction [1] . Polarization is one of the most basic characteristics of EM waves, and has significant applications in many fields including antennas [2] [3] [4] [5] , asymmetric transmission [6] [7] [8] [9] , biological detection [7] , and microwave communication [10] [11] [12] [13] [14] [15] [16] . Many applications of EM phenomena are very sensitive to polarization [17] [18] [19] [20] . Hence, it is necessary to precisely control and manipulate the polarization states of EM waves. The traditional way to manipulate polarization is to use natural materials such as twisted nematic liquid crystals by utilizing the Faraday effect [21] . It means that sufficient phase accumulation occurs at the expense of a longer transmission distance. Therefore, the traditional polarization converters have a large volume and narrow bandwidths, rendering device miniaturization difficult. Fortunately, metasurface is a type of artificial layered material with a thickness that is less than the operating wavelength. Metasurfaces enable the flexible and effective control of EM waves and have many unique properties [22] [23] [24] . Many types of metasurface-based polarization converters have been designed because of their high efficiency, low profile, and small size [25] [26] [27] [28] [29] [30] . For example, Li et al. [31] designed a wide-band, multi-purpose, and switchable linear polarization converter based on a metasurface.
Yu et al. [32] proposed a V-shaped nanoantenna to achieve line-to-circular polarization conversion in the optical frequency band. A cross-reflective polarization converter operating over a large frequency range with high efficiency was reported by Chen et al. [33] . The chiral metasurface is considered to be an effective method for transmission polarization manipulation components which can convert all polarization types, including linear-to-circular, linear-to-linear, and circular-to-circular polarization conversion. Chiral metasurface can achieve high conversion efficiency; however, it has the disadvantages of a complex multilayer structure and a narrow bandwidth. These restrict its practical applications. For reflective polarization conversion, the abovementioned problems can be avoided by using anisotropic structures [34] [35] [36] . Moreover, the operating bandwidth can be increased to a certain extent by the superposition of different resonant frequencies. For example, Zhao et al. [37] presented a broadband and high-efficiency linear polarization rotator based on anisotropic structures, which achieved 90 • polarization rotation from 5.7 to 10.3 GHz and a polarization conversion ratio (PCR) above 90%. However, little information has been provided about dual-broadband or multi-broadband polarization converters with the polarization conversion efficiency close to 1, which are crucial to EM wave applications. For example, the dual-broadband polarization converter can improve the capacity and speed of data transmission when it is used in a wireless communication system. The system compatibility can also be improved as it works in two different frequency ranges. Therefore, it is very important to design a dual-frequency or multi-frequency polarization converter with a polarization conversion efficiency that is close to 1.
In this work, a high-efficiency and dual-broadband linear polarization converter based on a reflective metasurface is proposed, constructed, and evaluated. The converter is composed of two symmetrical double-slotted metallic split-rings and one criss-cross structure, a dielectric layer, and a metallic ground, as well as four resonances within the 9.38-13.36 GHz and 14.84-20.36 GHz frequency ranges. The x-polarized or y-polarized incident wave can be converted almost perfectly into the corresponding cross-polarized wave in these dual-band ranges. The PCRs for the two bands are more than 98.21% and 99.32%, respectively. The effect of the dielectric layer thickness on the polarization conversion performance is studied. The results show that when the PCR and bandwidths of the two operating bands are considered, the dielectric layer thickness can be optimized to deliver outstanding dual broadband performance. Figure 1 shows the schematic diagram of the unit cell structure of the designed polarization converter with a three-layered metal-dielectric-metal structure. The top metallic structure consists of two symmetrical double slot metallic open rings and one criss-cross structure, which is placed 45 • forward with respect to the +x-axis. The dielectric spacer is F4B-2 (ε r = 2.65 − 0.002j) [38] with a thickness t s of 3 mm and the bottom layer is a metal plate. The two metal layers are composed of copper films with electrical conductivity of 5. The reflected wave is composed of both cross-and co-polarized components because of the anisotropy of the unit cell structure. Co-polarization indicates that the polarization direction of the reflected wave coincides with that of the incident wave, while cross-polarization indicates that the polarization direction of the reflected wave is perpendicular to that of the incident wave. The The design is simulated using the RF-Module software from Comsol Multiphysics [39] , which enables the use of the finite element method (FEM). The periodic boundary conditions of a unit element are used to simulate an infinite periodic array on the x-z and y-z planes. Because of the geometrical symmetry, the reflection coefficients of cross-polarization and co-polarization of the y-polarized incident waves are similar to those of the x-polarized incident waves. Therefore, the reflection coefficients for the y-polarized incoming wave are studied. The wave vector k is oriented in the negative direction along the z-axis. Additionally, the effective surface current excited by a Gaussian beam impresses onto the metasurface and allows radiation using Comsol Multiphysics [39] .
Design, Simulation, and Theoretical Analysis
The reflected wave is composed of both cross-and co-polarized components because of the anisotropy of the unit cell structure. Co-polarization indicates that the polarization direction of the reflected wave coincides with that of the incident wave, while cross-polarization indicates that the polarization direction of the reflected wave is perpendicular to that of the incident wave. The definition of the reflection coefficient in this study is as follows [1] :
where r yy and r xy represent the reflection coefficients of the co-polarization (y-to-y) and the cross-polarization (y-to-x), respectively. E yr and E yi are the magnitudes of the reflected and incident wave electric fields in the y-direction, respectively. |E xr | is the magnitude of the reflected wave along the x-axis in the polarization direction. In addition, the PCR can be used to describe the polarization converter performance and is defined as follows [40] :
where r xy and r yy are the reflection coefficients of the cross-polarization and the co-polarization, respectively. If the PCR is equal to 1, complete conversion between the linear x-and y-polarized EM waves is realized [41] . Figure 2 shows the simulated amplitude reflection spectra of the cross-polarization r xy and co-polarization r yy as well as the PCR in the 6.5-20.8 GHz frequency range. Figure 2a shows that the designed polarization converter has two conversion frequency ranges. The co-polarization reflectance r yy is less than −10 dB and the cross-polarization reflectance r xy is more than −1 dB in the frequency range between 9.38 and 13.36 GHz. Accordingly, there are two resonance frequencies at 10.67 and 12.22 GHz in the same frequency range. The PCR in the first frequency band is almost 98.21%, as determined from Figure 2b . The other frequency band is between 14.84 and 20.36 GHz and two resonance frequencies (16.18 and 19.51 GHz) exist in this band. Meanwhile, the corresponding PCR is more than 99.32%. The energy conversion ratio (ECR) can be used to evaluate the energy loss and is defined as [42] : ECR = r xy 2 + r yy 2 .
As shown in Figure 2b , the ECR is very close to 100% in the frequency ranges of 9.38-13.36 GHz and 14.84-20.36 GHz. A proportion of the incident wave is dispersed because of the loss from the dielectric spacer, but the majority of the power is reflected. According to the above analysis, the bulk electromagnetic energy of the y-polarized incident waves is converted into x-polarized reflected waves in the two conversion frequency ranges. Therefore, the metasurface structure presented here works as a high-performance polarization converter in terms of both efficiency and bandwidth. Appl. Sci. 2017, 7, x FOR PEER REVIEW 4 of 11 Table 1 compares the proposed converter and previously reported dual-broadband polarization converters. In the comparison, the relative bandwidth of [46] is relatively large, and our polarization converter delivers superior performance in terms of the polarization conversion efficiency, which is very close to 100% and far higher than that reported by other researchers. To obtain insights into the operating principle of the proposed polarization converter, the x-and y-axes are rotated counterclockwise by 45° to obtain the u-and v-axes, respectively. As shown in Figure 3a , the y-polarized EM waves under regular incidence conditions can be decomposed into two perpendicular components (Eiu and Eiv) along the u-axis and the v-axis, respectively, and the illuminating EM waves can be expressed as [42] :
When an incoming wave is reflected by the polarization converter, the reflected EM wave can be described using the following expression [42] : 
and then a linearly polarized wave will be realized. Figure 3b shows that the values of uu r and vv r are approximately zero, demonstrating that the resonant ring structure has no polarization Table 1 compares the proposed converter and previously reported dual-broadband polarization converters. In the comparison, the relative bandwidth of [46] is relatively large, and our polarization converter delivers superior performance in terms of the polarization conversion efficiency, which is very close to 100% and far higher than that reported by other researchers. To obtain insights into the operating principle of the proposed polarization converter, the x-and y-axes are rotated counterclockwise by 45 • to obtain the u-and v-axes, respectively. As shown in Figure 3a , the y-polarized EM waves under regular incidence conditions can be decomposed into two perpendicular components (E iu and E iv ) along the u-axis and the v-axis, respectively, and the illuminating EM waves can be expressed as [42] :
When an incoming wave is reflected by the polarization converter, the reflected EM wave can be described using the following expression [42] :
where r uu , r uv , r vv , and r vu denote the amplitudes of the reflection coefficients of the u-to-u, v-to-u, v-to-v, and u-to-v polarization conversions, respectively. In addition, ϕ uu , ϕ uv , ϕ vv , and ϕ vu are the corresponding reflection phases. When r uv = r vu = 0, r uu = r vv = r, and ∆ϕ = ϕ uu − ϕ vv = 2nπ ± π (n ∈ Z), the reflected electric field can be expressed as:
and then a linearly polarized wave will be realized. Figure 3b shows that the values of r uu and r vv are approximately zero, demonstrating that the resonant ring structure has no polarization conversion effect and thus the reflected EM wave can be expressed using the same reflectance and phase. Figure 3c Appl. Sci. 2019, 9, 1910 5 of 11
shows that r uu and r vv are both close to unity with only a slight distinction related to the dielectric loss in the substrate. As shown in Figure 3d , the phase difference (∆ϕ) at both 10.67 and 12.23 GHz is equivalent to −180 • and ∆ϕ at both 16.19 and 19.67 GHz is 180 • . These four frequencies are nearly identical to the frequencies indicated in Figure 2a . The phase difference between the EM waves polarized along the u-and v-directions after reflection is in the −180 • ± 20 • range, within the frequency range from 9.84 to 13.15 GHz. However, ∆ϕ is in the 180 • ± 20 • range within the frequency range from 15.25 to 20.33 GHz. According to the phase difference formula ∆ϕ = ϕ uu − ϕ vv = 2nπ ± π (n ∈ Z), the direction of the reflected EM wave changes toû −v, which is perpendicular to the polarization direction of the incoming EM waveû +v. This indicates that the polarization direction of the EM wave can rotate by 90 • . In addition, ∆ϕ is exactly equal to 0 • at the frequency of 14.03 GHz, where there is hardly any cross-polarized refection, as indicated in Figure 2d . Therefore, the designed polarization converter is able to change the y-or x-polarized illuminating waves into their mutually perpendicular counterparts within the two broadbands. Additionally, the polarization conversion efficiency is very nearly 100%.
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Experimental Verification
To validate the accuracy of the simulation results, a metasurface sample including 10 × 10 unit cells on an overall scale of 100 × 100 mm 2 is fabricated using the printed circuit board (PCB) methods as depicted in Figure 9a . Figure 9b shows that an Agilent N5230A network analyzer is operated in an anechoic chamber to avoid electromagnetic interference. Figures 9c,d display the measured amplitude reflection spectra of the cross-polarization, co-polarization, and PCR, respectively. Figure  9c shows that the measured ryy is less than −10 dB, while rxy is greater than −1 dB in the frequency range from 9.67 to 13.47 GHz. At the same time, two resonant frequencies are present in this frequency range, located at 11.16 and 12.41 GHz. Two more resonant frequencies at 16.49 GHz and 19.26 GHz are present in the second band from 14.96 to 20.45 GHz. The PCR value in these two bands is close to 1. The figures illustrate that the experimental results are highly consistent with the simulated results. Therefore, it is verified that the proposed metasurface can transform y-polarized light into x-polarized light with a high efficiency over a wide band. The following reasons can explain the small differences between the simulation results and experimental results. Firstly, the near-field interactions are neglected in the simulations. Secondly, in the simulation, periodic boundary conditions are adopted, meaning that the structures along the x-and y-directions are infinite, whereas the prepared samples have a finite size. Thirdly, a perfect normally incident electromagnetic wave is used in the simulation, but the device uses a quasi-plane wave which cannot be realized in the experiments. 
To validate the accuracy of the simulation results, a metasurface sample including 10 × 10 unit cells on an overall scale of 100 × 100 mm 2 is fabricated using the printed circuit board (PCB) methods as depicted in Figure 9a . Figure 9b shows that an Agilent N5230A network analyzer is operated in an anechoic chamber to avoid electromagnetic interference. Figure 9c ,d display the measured amplitude reflection spectra of the cross-polarization, co-polarization, and PCR, respectively. Figure 9c shows that the measured r yy is less than −10 dB, while r xy is greater than −1 dB in the frequency range from 9.67 to 13.47 GHz. At the same time, two resonant frequencies are present in this frequency range, located at 11.16 and 12.41 GHz. Two more resonant frequencies at 16.49 GHz and 19.26 GHz are present in the second band from 14.96 to 20.45 GHz. The PCR value in these two bands is close to 1. The figures illustrate that the experimental results are highly consistent with the simulated results. Therefore, it is verified that the proposed metasurface can transform y-polarized light into x-polarized light with a high efficiency over a wide band. The following reasons can explain the small differences between the simulation results and experimental results. Firstly, the near-field interactions are neglected in the simulations. Secondly, in the simulation, periodic boundary conditions are adopted, meaning that the structures along the x-and y-directions are infinite, whereas the prepared samples have a finite size. Thirdly, a perfect normally incident electromagnetic wave is used in the simulation, but the device uses a quasi-plane wave which cannot be realized in the experiments.
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Conclusions
A high-efficiency dual-broadband linear polarization converter based on a reflective metasurface is studied by simulation and experiments. The designed metasurface almost perfectly transform x-polarized or y-polarized incident waves into their mutually perpendicular counterparts in two different bands. Four resonances, which are attributed to the electric and magnetic resonances, emerge in the frequency ranges of 9.38-13.36 GHz and 14.84-20.36 GHz, indicating that the proposed polarization converter has multiple resonance characteristics. In these two bands, the PCR values are greater than 98.21% and 99.32%, respectively. The polarization conversion principle can be explained using the amplitude and phase differences between the incoming and reflected waves and the surface current distributions. Additionally, the effects of the dielectric layer thickness on both the bandwidth and PCR are analyzed. The results show that the bandwidth and PCR of the two frequency bands can be adjusted over a broad range, implying that the manipulation of EM waves is both flexible and selective. The designed dual-broadband and high-efficiency metasurface has great potential in the application of electromagnetic polarization control. 
A high-efficiency dual-broadband linear polarization converter based on a reflective metasurface is studied by simulation and experiments. The designed metasurface almost perfectly transform x-polarized or y-polarized incident waves into their mutually perpendicular counterparts in two different bands. Four resonances, which are attributed to the electric and magnetic resonances, emerge in the frequency ranges of 9.38-13.36 GHz and 14.84-20.36 GHz, indicating that the proposed polarization converter has multiple resonance characteristics. In these two bands, the PCR values are greater than 98.21% and 99.32%, respectively. The polarization conversion principle can be explained using the amplitude and phase differences between the incoming and reflected waves and the surface current distributions. Additionally, the effects of the dielectric layer thickness on both the bandwidth and PCR are analyzed. The results show that the bandwidth and PCR of the two frequency bands can be adjusted over a broad range, implying that the manipulation of EM waves is both flexible and selective. The designed dual-broadband and high-efficiency metasurface has great potential in the application of electromagnetic polarization control.
